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Abstract Risks can generally be described as the combination of hazard, exposure and
vulnerability. Using this framework, we evaluated the historical and future development of
risk of fire and wind damage in European forestry at the national level. Fire risk is expected
to increase, mainly as a consequence of an increase in fire hazard, defined as the Fire
Weather Index in summer. Exposure, defined as forest area, is expected to increase slightly
as a consequence of active afforestation and abandonment of marginal agricultural areas.
Adaptation options to fire risk should therefore aim to decrease the vulnerability, where a
change in tree species from conifers to broadleaves had most effect. Risk for wind damage
in forests is expected to increase mainly as a consequence of increase in exposure (total
growing stock) and vulnerability (defined by age class and tree species distribution).
Projections of future wind climate indicate an increase in hazard (storminess) mainly over
Western Europe. Adaptation options should aim to limit the increase in exposure and
vulnerability. Only an increase in harvest level can stop the current build-up of growing
stock, while at the same time it will lower vulnerability through the reduction of the share
of old and vulnerable stands. Changing species from conifers to broadleaves helps to reduce
vulnerability as well. Lowering vulnerability by decreasing the rotation length is only
Mitig Adapt Strateg Glob Change
DOI 10.1007/s11027-010-9243-0
M.-J. Schelhaas (*) : G. Hengeveld : G. J. Reinds : H. ter Maat
Alterra, Wageningen UR, the Netherlands
e-mail: martjan.schelhaas@wur.nl
M. Bindi
University of Florence, Florence, Italy
M. Moriondo
CNR-IBIMET, Florence, Italy
Z. W. Kundzewicz
Research Centre for Agricultural and Forest Environment, Polish Academy of Sciences, Poznań, Poland
Z. W. Kundzewicz
Potsdam Institute for Climate Impact Research, Potsdam, Germany
effective in combination with a high demand for wood. Due to data limitations, no forecast
of future fire area or damaged timber amount by storms was possible.
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1 Introduction
European forests are among the most intensively managed forests in the world. As a result,
although only 5% of the global forest area is located in Europe (193 million hectares,
excluding the Russian Federation), European forests account for 23% of the global round
wood removals (FAO 2007). Meanwhile, other forest functions are also becoming more
important, such as: nature conservation, protection of soil, water, air and infrastructure,
recreation and carbon storage. Despite their intensive use, the forest resources in Europe are
growing. The forest area is currently increasing by about 760 thousand ha per year (0.4%;
FAO 2007) and the average growing stock volume increased from 124 m3ha−1 in 1990 to
141 m3ha−1 in 2005 (FAO 2007). These trends are projected to continue for at least several
decades to come (Schelhaas et al. 2006a). Although these are positive trends, there are other
developments that are cause for concern. One of these worrying developments is the
apparent increase in occurrence of natural disturbances (FAO 2007). Several severe storms
hit the European forests over the last decade, causing unprecedented damage (Schelhaas et
al. 2003). In the Mediterranean basin, fire is the major disturbance factor. Annually
(average 1980–2007) more than 50 thousand fires burn an area of almost 0.5 million ha
(JRC 2008). Damage due to disturbance agents like storms and fire seems to be increasing
over Europe over the last decades (Schelhaas et al. 2003). Changes in the state of the forest,
changes in the way forests are managed and changes in the climate are thought to have
contributed to this increase (Schelhaas et al. 2003). Climate models project worsening fire
weather conditions for the future and possibly more frequent and more intensive storms
(Alcamo et al. 2007). Combined with expected increases in forest area and standing wood
volumes in the forest (Schelhaas et al. 2006a; Nabuurs et al. 2007), a future increase in
damage due to these disturbance agents seems inevitable. One way to limit the impact of
climate change is to adapt forest management. Management measures to decrease fire and
wind risk are usually studied at the stand to landscape scale. Fire management is mostly
aiming at reducing fuel build-up and reducing continuity of fuels (Finney 2001; Graham et
al. 2004; Agee and Skinner 2005). Management measures to reduce wind risk are aimed at
promoting higher stability of individual stands (Quine et al. 1995), or structuring landscapes
to minimize exposed edges (Zeng et al. 2007). Schelhaas et al. (2003) mentioned changes in
the state of the forest and increases in forest area and timber stock as factors that likely
contributed to the increase in disturbances in European forest. An additional set of
adaptation measures could therefore aim to influence these trends. Such changes are
typically monitored at the national level, which is the focus of this study. This paper aims to
evaluate the historic (1950–2005) evolution of possible drivers and indicators of risks of
fire and windstorm damage in forests and to asses how adaptation measures in forestry
could contribute to reduction of adverse consequences of future (2005–2100) climate
change. We selected a few country case studies in Europe over a north–south and an east–
west gradient. Reasons for doing so are the general similarity of neighbouring countries in
terms of species and age class structure and the fact that only few countries have historic
inventory data.
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2 Theoretical framework
Risks, such as the risk for natural disturbances, can theoretically be described by the
combination of hazard, exposure and vulnerability (Kron 2002). Any change to one of these
components will lead to a corresponding change in risk level. Hazard is defined as the
probability that a certain disturbance agent will occur and how severe the event will be.
Exposure is the amount or value of the goods (or services) that can be damaged, including
for example the number of people present in the area. Vulnerability expresses the resistance
of the subject under study to the damaging agent, i.e. how easily damage will occur. For
each of the risk components we defined indicators, for fire and wind risk separately. Risk is
defined here as the probability of large-scale events that cause major economic damage.
Due to shortcomings in the historic data sources, risks could not be quantified, but are
described in qualitative terms.
3 Data and methods
3.1 Indicators
In case of forest fires, the hazard is mainly dependent on weather conditions; high
temperature, lack of precipitation and presence of wind all increase the fire hazard. This
effect of weather conditions can be summarised in an index e.g., the Fire Weather Index
(FWI) that was developed by the Canadian Forest Service (Van Wagner 1987). It is a daily
meteorology-based index, used worldwide to estimate fire danger in a generalized fuel type.
FWI consists of six standard components each measuring a different aspect of fire danger
(Van Wagner 1987). Three components represent daily changes in the moisture contents of
three classes of forest fuel with different drying rates (light, intermediate and heavy fuels).
The other three components are related to the fire behaviour representing the rate of spread,
fuel weight consumed and fire intensity. The system depends solely on weather readings
taken each day at noon: temperature, relative humidity, wind speed and rainfall in the
previous 24 h. In addition, the current month must be specified. Several studies showed that
the FWI system and its components correlated well with observed fire patterns in the
Mediterranean basin (Aguado et al. 2003; Viegas et al. 1999; Viegas et al. 2001; Sol 1999)
and concluded that the system is well suited for the estimation of fire hazard for this area. We
therefore take the FWI value in June, July and August as an indication for the fire hazard.
The hazard of wind is entirely related to the wind climate. European countries with
Atlantic coastlines generally experience higher wind speeds, with Ireland and the United
Kingdom in particular having a rather severe wind climate. Also, mountainous regions
generally experience a more severe wind climate due to topographical influences. Wind
speeds are usually presented as hourly average (ECMWF 2009; KNMI 2009). Since wind
damage to forests generally occurs during events with high wind speeds, we take the
maximum observed average hourly wind speed in a year as indicator for the wind climate.
Fires and storms can influence all forest functions and services, like timber production,
water and soil protection, biodiversity and landscape amenity. Exposure is defined as the
value of all these functions. However, many of these are difficult to quantify. The easiest
quantifiable variables are forest area and timber volume. Since forest fires are usually
expressed in terms of area affected, we take total forest area as a proxy for exposure to fire
risk. Similarly, wind damage is usually reported in terms of wood volume damaged, so we
take total growing stock volume as a proxy for exposure to wind damage.
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Vulnerability of a forest to fire greatly depends on fuel characteristics: how much fuel is
available, how it is distributed and how flammable it is (Fernandes et al. 2000). Fuel
sources are live biomass like foliage, branches, stems, lichens and shrubs and dead biomass
like litter and humus. An even horizontal distribution of fuel will facilitate a fast fire spread,
both at the stand scale (Agee and Skinner 2005) as well as on the landscape scale
(Fernandes and Botelho 2003). A continuous presence of easily ignitable fuel in the vertical
direction (ladder fuel, like shrubs, dead branches and lichens) greatly contributes to the risk
that a ground fire will develop into a crown fire (Agee and Skinner 2005). Flammability of
fuel partly depends on its size: the smaller the fuel, the more easily it is ignited. In general,
such conditions are found especially in young stands (Vélez 1985; Brown and Smith 2000).
With increasing age, tree height and crown base increase and fire risk generally decreases.
The chemical composition of the fuel is also important. Generally, coniferous species burn
more easily than broadleaved species (Meyer 2003), with Pinus pinaster, P. halepensis and
P. radiata regarded as highly flammable species (Fernandes et al. 2008). Within the
broadleaved tree species, sclerophyllous oak forest or coppice (mostly Quercus ilex and Q.
suber) are reported to burn more frequently than could be expected from their share in the
forest area (Le Houérou 1981).
Tree species composition is also important for vulnerability to wind. Coniferous species
are considered more vulnerable to wind damage than broadleaved species, with Norway
spruce (Picea abies (L.) Karst) being regarded as particularly vulnerable (Schütz et al.
2006). Though rooting depth is an important factor in vulnerability to wind, many other
factors play a role as well. The tree and stand variables most important with regard to tree
stability are tree height and the ratio of tree height to stem diameter at breast height (h/d
ratio). Taller trees are more exposed to the wind than shorter ones, for example. Because
stand or tree age is highly correlated with tree height, age is often used as a proxy for
height. For both wind and fire, age and tree species composition are found to be important
indicators of vulnerability. These two can usually be extracted from historic inventory data
for a range of European countries, and from model simulations for the future. For the
purpose of this study, we developed the following vulnerability indicator:
Vi ¼
X
j
aj;young  bj;young þ 1 aj;young
  bj;mature
 
where V is the vulnerability, i is the type of disturbance (wind or fire), aj,young is the area
share (relative to total forest area) of tree species group j below a certain threshold age,
bj,young is the relative vulnerability of young stands of tree species group j and bj,mature is the
relative vulnerability of mature stands of tree species group j. Table 1 gives an overview of
the groupings of tree species, relative vulnerability scores and threshold ages used.
Threshold ages for fire are averaged from Meyer (2003). Threshold ages for wind
vulnerability are derived from observed onset of wind damage. These are obtained for
broadleaves from Winterhoff et al. (1995), for Norway and Sitka spruce from Schmid-Haas
and Bachofen (1991), and for poplar from OBV (2009). For other conifers, the same onset
age as spruce is assumed. Relative fire vulnerabilities are a combination of relative
insurance premiums in different risk classes of forest fire insurance in the Netherlands
(OBV 2009) and the rating of Meyer (2003). Relative wind vulnerabilities are a
combination of relative insurance premiums in different risk classes of windfall insurance
in the Netherlands (OBV 2009) and observed differences in share of damaged area in
relation to total forest area after a number of storms (Grayson 1989; Lüpke and Spellmann
1997; Jalkanen and Mattila 2000). The relative vulnerabilities for both fire and wind range
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from 1 (low vulnerability) to 6 (high vulnerability), and thus also the calculated total
vulnerability score can range between 1 and 6.
3.2 Country case studies
The selection of country case studies was based on finding a balance between having a
north–south and west–east gradient in Europe, availability of historical data and importance
of the disturbance agent in a country. For fire, we selected Finland, the United Kingdom,
Denmark, Poland and Italy. For wind we selected Finland, the United Kingdom, Denmark
and the Czech Republic. No Mediterranean country was included, since data on wind
damage for these countries are lacking.
3.3 History
We assessed historical exposure for 1950 and 2000 respectively from Kuusela (1994) and
MCPFE (2007). Vulnerabilities were calculated from relevant national inventory reports as
close as possible to these dates. Historical data on forest fire area and damaged volume by
wind were taken from the Database on Forest Disturbances in Europe (Schelhaas et al.
2001), for the period since 1948 whenever available. Historical wind hazard was calculated
from the Re-Analysis data at ECMWF (2009), including data for the period 1948–2007 (the
ERA-40 dataset, Uppala et al. 2005). These data include six-hour observations of
temperature, wind speed and precipitation, with a spatial resolution of about 250 by
250 km. For each grid cell, the maximum observed wind speed (hourly average) per year
was extracted. From this series, also the average maximum annual wind speed was
calculated, giving an indication of the severity of the wind climate. Historical fire hazard
(FWI) in the months June, July and August was calculated from the Re-Analysis data at the
ECMWF, with a resolution of 50 by 50 km, including data for the period 1975–2005. For
both wind and fire hazard, a GIS was used to calculate national averages.
3.4 Future
For the development of future exposure and vulnerability under various adaptation
measures, the European Forest Information Scenario model (EFISCEN V3.1.3) was
Table 1 Vulnerability scoring of tree species with regard to fire and wind disturbance
Disturbance type (i) Tree species group (j) bj,young bj,mature Threshold age
Fire Broadleaves except Q ilex and Q suber 2 1 50
Douglas, fir, spruce 3 1 50
Coppice 2 2 50
P sylvestris and other pines 4 2 50
Q ilex and Q suber 6 4 50
P nigra, P halepensis, P pinaster 6 4 50
Wind Broadleaves except poplar 1 3 80
Poplar 1 4 10
Conifers other than Norway and Sitka spruce 1 4 40
Norway and Sitka spruce 1 6 40
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applied. EFISCEN is a model that simulates the development of forest resources at scales
from provincial to European level (Schelhaas et al. 2007b). The core of the EFISCEN
model was developed by Sallnäs (1990). EFISCEN is mostly used as a tool to evaluate and
compare different scenarios. Scenarios can be defined in terms of changes in forest area,
changes in increment level due to changing environmental conditions, management regime
and expected wood demand. Principal outputs are species and age class distributions,
growing stock volumes, harvesting levels and increment at 5-year intervals.
Initialisation data were taken from the forest resources part of the European Forest Sector
Outlook Studies of the UN-ECE (Schelhaas et al. 2006a, b). Small deviations between the
forest area covered in the database and the area of Forest Available for Wood Supply (FAWS)
according to UN-ECE/FAO (2000) exist, due to the fact that country correspondents were not
always able to provide the detailed data for the whole FAWS area. These differences were
accounted for by scaling the area in the input data to the corresponding area in UN-ECE/FAO
(2000). For the baseline scenario, wood demand was assumed to increase slightly. It was
calculated as the 5-year moving average of the fellings in the period 2000–2005 projected into
the future. Baseline management regimes were adopted from Nabuurs et al. (2007). Total
European forest area expansion was calculated from the total forest area expansion according
to the IMAGE/CLUE model framework (Image Team 2001; Verburg et al. 2006) under the
SRES A1 scenario (Nakicenovic and Swart 2000) for the period 2000–2030. This area
expansion was allocated to each European country relative to the reported area expansion in
the period 1990–2005. After 2030 no area expansion was assumed. Climate change is
expected to influence forest growth in future due to changes in atmospheric CO2 level,
changes in precipitation and higher temperatures (IPCC 2007). However, quantification of
changes in growth level over a century are still very uncertain (Kramer et al. 2002). We
therefore applied no changes to the growth level in the adaptation scenarios, but examined the
impact of future forest growth changes separately for the baseline scenario. Important factors
that will influence future growth are climate change and nitrogen deposition. The
methodology of Veroustraete et al. (2002) was used to calculate Net Ecosystem Production
(NEP) under baseline (1980) and future climate conditions (see for climate scenarios below).
However, we decided not to include a CO2 fertilization effect on forest production: some
authors claim substantial effects of increased atmospheric CO2 concentration on NEP (e.g.
(Hyvönen et al. 2007), while others strongly doubt whether there are any effects at all,
especially for mature trees (Tognetti et al. 2000; Körner et al. 2005; Körner 2006)). Changes
in future nitrogen deposition over Europe were translated to growth changes using the results
of Solberg et al. (2009). The nitrogen deposition scenario was derived from (Amann et al.
2007) and was assumed to be independent from the climate change scenario. The relative
change in NEP and the nitrogen effect where multiplied and fed into the EFISCEN model.
The main risk component that forest management can influence when considering fire is
vulnerability. Lowering fire vulnerability can be achieved by decreasing the share of young
forest, and by decreasing the share of flammable species. The following four adaptation
scenarios were considered:
1. Rotation length increase (rotinc): For all species, the earliest age of possible harvest
was increased by 10 years. At the same time, the period when thinnings are possible
was increased by 10 years.
2. Tree species change (sp_change): Regeneration of coniferous area was for 50% done
by broadleaved species, equally distributed over the available tree species.
3. A combination of the above, aimed at obtaining older stands (base_rotinc_sp_change):
An increase in rotation length, combined with a tree species change towards broadleaves.
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4. A combination of the above, aimed at fast conversion to broadleaves (max_rotinc_sp_
change): An increase in rotation length and harvest level, combined with a tree species
change towards broadleaves.
For adaptation to wind, forest management can aim at decreasing exposure, or at
decreasing vulnerability. Decreasing exposure can be achieved by increased harvest levels,
and decreasing vulnerability by decreasing the share of old forest and by changing tree
species towards more stable species, like broadleaves. The following four adaptation
scenarios were considered:
5. Increased harvest level (max): The demand was increased by 10% each 5-year time
step, to reflect institutional and economic constraints on increases of the harvest level.
6. Rotation length decrease (rotdec): For all species, the earliest age of possible harvest
was decreased by 10 years. At the same time, the period when thinnings are possible
was decreased by 10 years.
7. Tree species change (sp_change): Regeneration of coniferous area was for 50% done
by broadleaved species, equally distributed over the available tree species.
8. A combination of the above (max_rotdec_sp_change): A decrease in rotation length, an
increase in harvest level, and a tree species change towards broadleaves.
3.5 Climate scenarios
The Regional Circulation Model (RCM) of the Hadley Centre (HadRM3P, Jones et al.
2004) was used to simulate fire hazard both in present and future period according to the
approach used in Moriondo et al. (2006). HadRM3P is the result of a GCM dynamical
downscaling procedure at a spatial resolution of 0.44° Lat×0.44° Lon. This RCM takes
boundary conditions from coarser resolution global model and provides a higher spatial
resolution of local topography and more realistic simulations of fine-scale weather features.
In particular, the outputs of the coupled ocean-atmosphere HadCM3 (2.5° Lat×3.75° Lon)
experiments provide the boundary conditions to drive a high-resolution (~120 Km) model
of the global atmosphere (HadAM3H) which in turn provide the boundary conditions to
drive the HadRM3P. HadCM3 model runs were forced between 1860–1990 including
observed changes in greenhouses gases and aerosols to simulate changes in climate to date.
For the period 1990–2100, the SRES A2 and B2 emission scenarios (Nakicenovic and
Swart 2000) were applied. These two scenarios are characterised by respectively medium-
high and medium-low greenhouse gas emissions, coming close to the 4 degrees and 2
degrees scenarios of the ADAM project. The average FWI values over the summer months
for the periods 1960–1990 and 2070–2100 were calculated as an indication for the change
in fire hazard under changing climate. We were not able to obtain reliable wind speed
projections for the prediction of future wind hazard. Therefore we chose to assume no
change in future wind climate and to discuss possible future changes in a qualitative way.
4 Results
4.1 Fire
The summer FWI clearly shows a north–south gradient, with the highest values in the
Mediterranean Basin (Fig. 1). In the period 1975–2005, the average FWI in summer for
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Finland was 1.8, while in Italy it was 15.3 (Table 2). The United Kingdom, Denmark and
Poland showed intermediate values in the range from 8.5 to 10.0. The RCM simulations for
the period 1960–1990 reproduced the same pattern, but absolute numbers did not match
well in all cases. RCM simulations showed lower values for Denmark (−1.9) and the United
Kingdom (−3.6), and higher values for Poland (+1.8) and especially Italy (+5.8). Under the
climate change scenarios A2 and B2, the FWI values increased drastically. In Finland and
the United Kingdom the increase was rather moderate with 3–6 points. In Denmark the
FWI index increased by 8–12 points. In Italy and Poland FWI values increased by 12–16
points, resulting in a summer FWI value in Italy of 33.3 under the B2 scenario and 37.1
under the A2 scenario. If we express the annual burned forest area as a percentage of the
forest area in 2000, we see more or less the same pattern as in the distribution of the FWI.
Annual fire area in Finland is very low (0.00%), in Denmark and the United Kingdom it is
0.02%, in Poland 0.13% and in Italy 0.72%.
All countries showed an increase in exposure in the period 1950–2000, and in all
countries the forest area is projected to increase further in future. Regarding the
vulnerability, different countries showed different patterns. Poland had large afforestations
after the Second World War, mainly with conifers, leading to high vulnerabilities around
1950. As these plantations got older, a lower vulnerability resulted in 2000. Under the
baseline scenario, the vulnerability was expected to remain at the same level. For all other
scenarios, vulnerability decreased. In Denmark and the United Kingdom the expansion of
forest area continued longer, leading to a stable vulnerability between 1950 and 2000.
Under all scenarios, vulnerability is expected to decrease in future. Finland showed an
increase in vulnerability between 1950 and 2000, probably due to the regeneration of many
old stands and the focus on coniferous species. Under all scenarios, the vulnerability was
expected to decrease towards 2100. For Italy, no information on age class structure prior to
1985 was available. Between 1985 and 2000, vulnerability was constant, and under all
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Fig. 1 Mean FWI index for the months June, July and August over the period 1975–2005 (Moriondo et al.
2006)
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scenarios it decreased in future. Increasing rotation length had only a small positive effect
in all countries, as compared to the baseline scenario. Changing the species distribution
towards conifers reduced the vulnerability to fire by 0–0.39 points. Combining species
change with an increase in rotation length only had a slightly more positive effect than
changing tree species alone. Increasing the harvest level to speed up changes in tree species
distribution had a negative effect up to 0.2 points in three cases and a positive effect up to
0.33 points in two cases. Figure 2 summarises the development of hazard, vulnerability and
exposure between 1950 and 2100 (baseline), relative to the situation in 2000. Poland, Italy
and Finland show an increase in fire risk, because all components are unchanged or
increasing in future. For Denmark and UK, exposure and hazard are increasing, but
vulnerability is decreasing at the same time. However, it is not clear how far the decrease in
vulnerability can counteract the increase in the other two components.
4.2 Wind
The maximum annual wind speed that can be expected above land is clearly linked to
distance to the Atlantic Ocean and other seas (Fig. 3). The United Kingdom is fully exposed
to depressions coming from the Atlantic and on average experiences an annual maximum
wind speed of 19.4 m/s (Table 3). Denmark is a bit more sheltered with values of 18.1 m/s.
In Finland the average annual maximum is 10.4, while in the Czech Republic it is 12.2 m/s.
The Czech Republic reported the highest amount of damaged timber in the period 1948–
2007 with 107.7 million m3 (Table 3). Damage in the other three ranged from 16.0 in
Poland to 19.7 million m3 in Finland.
Due to its skewed age class distribution, the United Kingdom shows the lowest
vulnerability of the countries under study. It increased from 1.6 in 1980 to 1.7 in 2000, but
was projected to increase to 3.6 by 2100 under the baseline scenario. Denmark showed a
similar development, with little change between 1951 (2.0) and 2000 (2.2), but a drastic
increase to 3.6 in 2100 under the baseline scenario. Due to the harvest of older stands in
Finland, vulnerability decreased from 3.9 in 1952 to 3.0 in 2000. Under the baseline
scenario, it is expected to increase to 3.2. Vulnerability in Czech Republic was stable over
the last half a century at 3.5 and is hardly expected to change over the coming century.
Decreasing rotation lengths had in all countries only a very minor effect on the
vulnerability. Increasing the harvest level had not much effect in the Czech Republic
(−0.1 point), but a high effect in Denmark (−1.5) and the United Kingdom (−1.9). Changing
the species distribution towards broadleaves resulted in a decrease of the vulnerability in the
range of 0.5 (Untied Kingdom) to 0.8 (Czech Republic). The combination of these three
scenarios gave the highest reductions of vulnerability, with a reduction just below 1 point
for the Czech Republic to a reduction of 2.4 in the United Kingdom.
Exposure, expressed as the total timber volume in a country, is strongly related to the
forest area in a country. Denmark only has little timber volume (74 million m3 in 2000) in
comparison with Finland (over 2 billion m3 in 2000). All countries showed a huge increase
in timber volume over the period 1950–2000, and this increase is projected to continue
towards 2100. Climate change effects could even exacerbate this trend, with especially in
Finland a huge effect. Decreasing the rotation age or changing the tree species composition
only had a minor effect on the exposure. Increasing the harvest level had a strong effect, but
could in many cases not avoid an increase in exposure in 2100 as compared to 2000. The
combination of the three scenarios yielded an exposure in 2100 comparable to the
increasing harvest scenario, only in Finland was the reduction of exposure more
pronounced. Figure 4 summarises the development of hazard, vulnerability and exposure
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between 1950 and 2100 (baseline scenario), relative to the situation in 2000. Under the
assumption that the wind climate will not change, risk will increase considerably in
Denmark and the UK, due to higher exposure and higher vulnerability. The risk in Finland
and Czech Republic will also increase, but only due to an increase in the exposure.
1950 2000 baseline 2100
0
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hazard
exposurevulnerability
0
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hazard
exposurevulnerability
Finland Denmark
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Fig. 2 Change in hazard, exposure and vulnerability to fire for 1950, 2000 and 2100 (climate: A2 scenario;
vulnerability: baseline scenario), relative to the situation in 2000 (for which the value of 1 is assumed), for
Finland, Denmark, the United Kingdom, the Netherlands, Poland and Italy. For absolute values see Table 2
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5 Discussion
5.1 Fire
Our hazard indicator, the FWI in the summer months, shows a good agreement with the fire
pattern over Europe (Table 2). High FWI values, caused by warm and dry summers,
correlate with greater fire areas. Observed FWI values from the ERA dataset and the
simulated FWI from the RCM do not totally agree, in particular in southern countries. This
is probably caused by an overestimation of summer temperatures in the RCM when the soil
dries out, as discussed by Moberg and Jones (2004). This RCM bias might cause an
overestimation of future FWI, also in more northern regions. However, it is clear that FWI
is expected to increase considerably under a warmer climate (Table 2, Fig. 2). Higher FWI
will inevitably lead to a larger fire area in most of the countries if other conditions remain
the same. Forest area has been increasing over the last 50 years and is expected to increase
further in future (Fig. 2). Major drivers for forest area expansion are active afforestation
policies and abandonment of agricultural lands. Policies at different levels (EU, national
and local) can influence these drivers, but forest fire prevention through reduction of
exposure is unlikely to play a large role in formulating such policies. Reduction of future
exposure to counteract the increase in hazard therefore does not seem to be a very
promising option. Ageing of the forest has caused the vulnerability to decrease in most
countries. Also the trend towards more broadleaved forest in large parts of the EU has
contributed to the decrease in vulnerability. Even if no more conversion of coniferous
forests to broadleaves takes place, the vulnerability is projected to decrease due to further
ageing of the forest. We explored some scenarios to see to what degree the vulnerability can
be influenced by forest management. Increasing the rotation length by 10 years hardly had
an effect on the overall vulnerability. This is because stands over 50 years of age have a low
0 - 5
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20 - 22.5
22.5 - 25
25 - 30
No Data
Fig. 3 Maximum annual wind speed (in m/s; average per hour), averaged over the period 1948–2007
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vulnerability. For the overall score, it does not matter if a stand is of age 80 or 90. The
standing volume in these stands does not change much, so more or less the same area of
clearfelling is needed to find the required harvest level. Thus the area of young stands with
high vulnerability will be of similar magnitude. Changing the species distribution had a
larger effect, because broadleaves, even if young, have lower vulnerabilities. However, in
most countries it took about 50 years before differences between the baseline and the
species-change scenario became apparent. Vulnerability decreased by up to 0.4 points in
2100 compared to the baseline. Effects of species change and rotation increase are additive,
and their combination was therefore not much different from the species-change scenario
alone. By increasing the harvest level, the rate at which conifers are replaced can be
increased. This effect is however counteracted by the increase of vulnerable regeneration
area, which results in a net increase of vulnerability in most cases as compared to the
baseline scenario.
Converting conifers to broadleaves was the most effective option to decrease future
forest vulnerability to fires. However, we are not able to predict how much this decrease in
vulnerability could contribute to a decrease in overall risk. A thorough statistical analysis of
1950 2000 baseline 2100
0
1
2
3
4
5
hazard
exposurevulnerability
0
1
2
3
4
5
hazard
exposurevulnerability
 Finland United Kingdom 
0
1
2
3
4
5
hazard
exposurevulnerability
0
1
2
3
4
5
hazard
exposurevulnerability
 Denmark Czech Republic  
Fig. 4 Change in hazard, exposure and vulnerability to wind for 1950, 2000 and 2100 (baseline scenario),
relative to the situation in 2000 (for which the value of 1 is assumed), for Finland, Denmark, the United
Kingdom and the Czech Republic. For absolute values see Table 3
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the relationship between observed fire area and the indicators (of hazard, exposure and
vulnerability) was not possible due to difficulties with availability of reliable long term
series on hazard and observed fire area. Furthermore, the vulnerability and exposure indices
changed only slowly over time, leading to low explanative power. For future projections on
fire area, we would have to extrapolate far outside the historic range.
We defined vulnerability as an index of the combined age class distribution and the tree
species distribution. The major reason for this definition was the availability of data to
calculate this index both for the past and for the future. However, much more factors play a
role in vulnerability, like fuel build-up within the stands, the spatial arrangement of stands,
accessibility to the forest, distance to water sources, etc. It is virtually impossible to
combine these factors in one vulnerability index, and even then the required data would
probably be not available over large areas. Despite the shortcomings of our way to calculate
it, decreasing the vulnerability of the forest seems the only way to combat the effects of
expected increases in FWI. At a large scale, changing the tree species distribution could be
part of a forest management strategy towards lower vulnerability, but this should be
combined with more local options of fuel management and spatial arrangements of forest
stands and non-forest areas.
5.2 Wind
The wind speed pattern as shown in Fig. 3 largely corresponds with the damage pattern in
Table 3. However, the Czech Republic showed a high damage amount at a rather low
maximum wind speed. A likely reason is that wind speed data do not take into account
influences of the topography. Also the alpine region shows low wind speed maxima,
although it has been exposed to very high wind speeds by several storms in recent history
(Schütz et al. 2006). Although the general pattern in Fig. 3 seems very plausible, the quality
of the dataset can be questioned. In most country cases, annual damage data did not
correlate very well with the country-specific anomalies of the wind speed data set. Smits et
al. (2005) found opposing trends in storminess for the Netherlands, using a high-quality
wind speed dataset with long term observation series for a couple of stations in the
Netherlands and the same reanalysis dataset as we used. Discrepancies were thought to be
caused by inhomogeneities in the reanalysis dataset. High-quality long-term datasets would
be most ideal for our analysis, but such datasets are very rare (Smits et al. 2005).
In large parts of Europe, increment has increased over the last decades, while the harvest
level has remained rather stable (Nabuurs et al. 2003). This difference has lead to an
increasing growing stock and a higher share of older forest, leading to an increased
exposure and an increased vulnerability in most countries. Under the baseline scenario,
these trends are expected to continue in future, leading to very high growing stocks and a
high vulnerability (Fig. 4). Growth changes due to climate change effects could increase the
future exposure even more. This effect is relatively modest in the UK, Denmark and Czech
Republic, but very apparent in Finland. A drastic increase in harvest level could curb this
trend, keeping future vulnerability and exposure more or less at the current level.
Decreasing the rotation age hardly had an effect on vulnerability and exposure. Although it
is possible to harvest at an earlier age, the model will not do so if there is no demand for the
wood. Changing the species distribution mainly affected the vulnerability, through
replacement of vulnerable conifers with less vulnerable broadleaves. In most cases the
growth rate of broadleaves is lower than conifers, leading to somewhat lower exposure
under this scenario. The most intensive scenario was a combination of these measures, and
showed a considerable decrease in both vulnerability and exposure as compared to the
Mitig Adapt Strateg Glob Change
baseline. The increase in harvest level limited the occurrence of old and vulnerable stands.
The decrease in rotation age was more effective, since these stands were indeed harvested
due to a high demand for wood. Finally, the conversion to broadleaves occurred much
faster, since more stands were regenerated due to the high wood demand.
The apparent increase in winter storms and damage by winter storms has triggered many
research projects, aimed at identifying historical and future trends in storminess. Ulbrich et
al. (2009) provides a review of the literature on tracking of extra-tropical cyclones under
future climate conditions. For Europe, most models agree on a lower number of cyclones in
total, but an increase in the occurrence of intense cyclones in winter. The increase in intense
cyclones is limited to certain regions, notably over the Northeast Atlantic and the British
Isles (see references in Ulbrich et al. 2009). Beniston et al. (2007) find an increase of 2.5–
10% in the 90th percentile of daily winter wind speed in Western Europe (North Sea
countries, France, northern Switzerland, Germany) and a small decrease to the north and
south of this area. Fink et al. (2009) state that storms in future might penetrate deeper into
Europe, also causing an increase in storminess in eastern parts of Central Europe. They find
an increase in the 98th percentile of daily surface maximum wind speed of 5–15% over
most of Europe, except for Northern Scandinavia and the Mediterranean. From this
overview, an increased storminess for Denmark and the UK seems likely. Finland seems to
be largely safe, while the picture for Czech Republic is not clear.
For all countries, we can expect an increasing risk for wind damage in forests due to the
expected large increase in exposure and vulnerability under the baseline scenario. Climate
change effects in the form of increased storminess might increase the risk in the UK and
Denmark, while a positive growth effect especially in Finland could lead to an even larger
increase in exposure. Adaptation measures should be aiming at reducing the vulnerability
and exposure. Changing the species distribution helps to reduce the future vulnerability,
while only an increase in harvest level could reduce the future exposure. Furthermore,
increasing the harvest level increases the efficiency of species change and a reduction of the
rotation age.
Vulnerability to wind damage of a particular forest stand can be modified by many
factors, like thinning regime, regeneration method, species mixture and occurrence of
openings in the forest at the windward side (Quine et al. 1995). These were not included in
our study, but must be taken into account in studies at the landscape and stand level scale.
For example, Schelhaas (2008) modelled vulnerability of forest stands induced by changes
in thinning regime and species mixture, while Zeng et al. (2007) tried to reduce
vulnerability at the landscape level by minimising the length of freshly exposed forest
edges through the spatial arrangement of clearcuts.
Unfortunately we were not able to fit a regression model on the data, so we cannot make
predictions on future risks. The quality of the wind speed dataset can be questioned, but
also the quality and completeness of the damage dataset. Only the Czech Republic had a
more or less complete coverage of annual wind damage for the period 1948–2007. In the
other countries, only major events were reported. For example, Holmsgaard (1986)
estimated that although a good overview exists for Denmark for the major storm damage to
forest in the 20th century, only half of the total damage was included in his overview, the
rest consisting of smaller windthrows. If a year when no damage is reported is considered
as a year with no damage, the regression results are heavily influenced by these data points,
since they are many. This would lead to an underestimation of the risk in severe events. If
these years are excluded, only little data remains.
There is a clearly nonlinear linkage between temperature rise and the increase in wind
and fire hazards. According to orientative assessment reported in Mills et al. (2001), a
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2.2°C mean temperature increase leads to 5–10% increase in hurricane wind speed, while a
1°C mean summer temperature increase may correspond to 17–28% increase in wildfires.
Storm damage to infrastructure is over-proportionally related to the wind speed. Mills et al.
(2001) proposed a quadratic relationship, while a cubic relationship has been postulated as
well (cf. Hitz and Smith 2004). Grace (2009) cited Insurance Australia Group’s experience,
showing that an increase in peak wind gust strength from 40–50 to 50–60 knots can
generate a 6.5 fold increase in building claims.
In this study, the EFISCEN model is used to project the future development of exposure
and vulnerability to wind and fire under a range of scenarios. One drawback of this
approach is that occurrence of these disturbance events will influence the further
development of the projections. Exposure and vulnerability to wind are projected to reach
very high values under the baseline scenario. In reality storms will cause major damage
long before these values are reached, leading to a natural reduction in exposure and
vulnerability through regeneration of old stands. Similarly, stand-replacing fires will
influence the projected decrease in fire vulnerability. In a study by Schelhaas et al. (2002), a
natural disturbances module was added to the EFISCEN model. This enables a dynamic
simulation of disturbances in relation to exposure and vulnerability, not only allowing a
more realistic projection of exposure and vulnerability itself, but also a direct projection of
future damage. However, a prerequisite to parameterise this module is a known relationship
between hazard index and the occurrence of disturbance events, and a projection of future
hazard. From experiences in our study it is clear that a lack of reliable datasets would
inhibit that approach. Furthermore, climate change will have an influence on forest growth
as well. Although it is possible within EFISCEN to take this into account (see for example
Nabuurs et al. 2002), we did not incorporate this aspect. The underlying projections of
changes in increment remain very uncertain, but would not change much of the general
picture as sketched here.
This study gives insight in some trends that influence the future risk to fire and wind
damage in forests. Unfortunately we were not able to exactly quantify the risk and give a
prediction of expected damage under different scenarios. However, the direction and
magnitude of these trends give a general idea of the consequences of certain scenarios.
Although the methodology can be much improved, it can serve as a tool to evaluate the risk
of other scenarios projections as well. Schelhaas et al. (2007a) used the EFISCEN model to
evaluate mitigation options in forestry. Especially the optimisation of carbon storage in the
forest could lead to situations comparable to our baseline scenario, with high exposure and
vulnerability to wind damage. In situations with high annual wind speeds, this would be a
risky option. Similarly, a focus on biomass production with short rotations could lead to
risky situations in areas where fire hazard is or will become high.
Each component of the framework has its associated uncertainties, like those associated
with data sources (inhomogeneities, interpolations, missing data), model assumptions and
scenario assumptions. When evaluating the outcomes of the risk analysis, these
uncertainties should be kept in mind. Possible changes in forest policy or management
should not be aimed at reacting to one scenario only, but should be favourable or at least
not be worsening the situation under a range of plausible scenarios. The direction and
approximate magnitude of change is more important than the absolute value.
The baseline scenario projected an increase in exposure and vulnerability to wind for
some countries. Adaptation scenarios were most effective under a drastic increase in harvest
level (Table 3). Such an increase might mean that in some future periods the harvest would
exceed increment. This might conflict with current views on sustainability and implement-
ing such a policy would need a very good communication strategy. In Switzerland, a similar
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policy has already been formulated (SAEFL 1999). However, adaptation to wind risk will
and should never be the only goal. A proper policy should try to find a balance between the
various functions of the forest and the associated risks.
6 Conclusions
Over the last 50 years, the European forests have changed considerably. In most parts of
Europe the forest area expanded, the growing stock increased and the forest has become
older. Under the baseline scenario, these trends are expected to continue until 2100. Due to
climate change, the fire weather is expected to become much worse, leading to a
considerable increase in fire risk. The most effective scenario at the national scale was to
reduce the vulnerability by promoting the conversion of conifers to broadleaves. It seems
more and more likely that climate change will increase the storminess in some parts of
Europe. Also the projected increase in exposure and vulnerability will increase the risk
considerably. Only an increase in harvest level can stop the current build-up of growing
stock, while at the same time it will lower vulnerability through the reduction of the share
of old and vulnerable stands. Changing species from conifers to broadleaves helps to reduce
vulnerability as well. Lowering vulnerability by decreasing the rotation length is only
effective in combination with a high demand of wood.
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